The scintillation pattern from a single star can be utilized to provide information on the refractive turbulence along the line of sight. Instruments that provide refractive turbulence parameters are the isoplanometer and the stellar scintillometer. Attention is drawn to the fact that the National Oceanic and Atmospheric Administration theoretical treatment and implementation of the stellar scintillometer is incomplete. The theory is corrected for spectral effects and finite aperture. A comparison is made of simultaneously obtained isoplanometer values and stellar scintillometer-derived values for isoplanatic angle. The measurements are obtained from an electro-optical/meteorological experiment conducted at Pennsylvania State University in April and May 1986. An atmospheric drop-off model is used to extrapolate the scintillometer measurements beyond the heights probed. Agreement between the two instruments is significantly improved after the appropriate corrections are applied to the scintillometer data. These data were obtained during widely varying meteorological conditions that provided the opportunity for comparisons over a wide range of isoplanatic angles (3 to 14 ,rad).
Introduction
The analysis of the scintillation pattern from a single star can provide information on the refractive turbulence profile along the line of sight. Peskoff and Fried 2 have pointed out that direct inversion of the intensity correlation function should provide a turbulence profile. Their analyses ignore the problems of noise and nonstationarity of the atmosphere that one encounters in a real experimental situation. These features significantly degrade the performance of the inversion technique. 3 4 A single-star technique that has been implemented uses a spatially filtered detector as a receiver. The stellar scintillometer developed by the National Oceanic and Atmospheric Administration 5 6 (NOAA) is a device that employs spatial filtering at different spatial wavelengths to determine the refractive-index turbulence at various altitudes. The stellar scintillation is observed over a range of spatial wavelengths and the different observations are linearly combined with appropriate weights to yield seven path weighted functions centered at the probed altitudes. This permits the measurement of various heights of the vertical refractive turbulence profile. The stellar scintillometer has been used in conjunction with other methods to gauge its effectiveness at determining the refractive turbulence profile. 7 -10 These attempts have met with varying success. An electro-optical/meteorological experiment conducted at Pennsylvania State University in April and May 1986 was one such attempt and included concurrent operation of a Geophysics Laboratory stellar scintillometer with a Naval Postgraduate School (NPS) isoplanometer. 1 ' Isoplanatic angles 1 2 may be derived from the C 2 data with some assumptions. We examine the isoplanatic angles measured by the isoplanometer and those obtained from the stellar scintillometer-measured C 2 values to obtain a check on the performance of the scintillometer. The NOAA theoretical treatment of the scintillometer 5 assumes a perfect filter.' 3 It also incorrectly implements the photomultiplier tube response and neglects the spectral effects of the source. In this paper we refine the theory with a significant improvement in agreement between the NPS isoplanometer and the Geophysics Laboratory stellar scintillometerderived values for isoplanatic angle.
Theory
The stellar scintillometer employs a zero-sum checkerboard spatial filter truncated by a 35-cm Cassegrain telescope aperture. The measured scintillometer intensity fluctuations depend on the spectral response of the filter. As the exact spectrum of this filter is mathematically complicated and computationally intensive to apply, the NOAA treatment of the spatial filter assumes a delta function filter in K.13-15 A first refinement of the original treatment of the spatial filter is to approximate the checkerboard pattern by a sinusoidal variation in x and y 14 :
R(X, y) = cyl[ r)]co(KRx)cos(KRY)/rr2, (1) where r is the radius of the aperture, KR is the frequency of the spatial filter, and cyl is the cylinder function. The Fourier transform of this filter function is 
where J(x) = J(x)/x, and r is the radius of the receiver aperture. The spatial variance of the filtered log-amplitude fluctuations as a function of wave number k is then given by
where FR(K) is the Fourier transform of the filter function, K is the spatial wave number, k = 2 7r/X, and z is the height above ground. A Kolmogorov power spectrum is assumed in Eq. (3) as the stellar scintillometer is sensitive to spatial scales from 5 to 15 cm, and this is expected to lie in the inertial range for the probed altitudes. We note that the aperture-averaged quantity is the irradiance rather than the log amplitude, but in the weak refractive turbulence limit dl 2dX and there is no important distinction between the two. Equation (3) may be rewritten in terms of a weighting function,
The equations presented so far are for a monochromatic source; as we are dealing with a broadband source (i.e., a star), the path weighting function needs to be averaged over the bandwidth of the detected signal. The stellar spectral function is S( ) and depends on the particular star chosen for the observations. The receiver photomultiplier tube may be modeled by a Gaussian to obtain the broadband path weighting function:
The photomultiplier tube response is peaked at Xo, with no response for < X,. The standard deviation is given by ax. The second refinement to the NOAA effort is the inclusion of the cutoff of the photomultiplier response function and the inclusion of the spectral characteristics of the source. The original NOAA work assumed a symmetric phototube response about Xo and did not include the source (star) spectral function. For the photomultiplier tubes used (Thorn EMI 9924B) in the Geophysics Laboratory scintillometer, Xo = 3700 A, X = 3100 A, and cx = 1000 A. The source used for the measurements on all but one day was Arcturus, and the spectral curve used for Arcturus is from measurements by Honeycutt et al. 16 The other source used is Regulus, which is modeled by means of a blackbody spectrum with an effective temperature of 13,000 K, and this star was used at the start of the 5 May 1986 data run. Taking the short wavelength cutoff of the photomultiplier tube and the specific source into account produces an appreciable change in the weighting function W'(z).
In the stellar scintillometer no more than three different spatial wavelengths are linearly combined to obtain a composite path weighting function. The use of more than three weighting functions requires increasing the accuracy of the measurements. 6 The weighting functions used by Ochs et al. 6 are recalculated. The Geophysics Lab scintillometer weighting functions are calculated with the improved representation for the filter function, the correct photomultiplier tube response, and the stellar source spectrum. These are shown in Fig. 1 and Fig. 2 for Arcturus and Regulus, respectively. For comparison, the original NOAA composite weighting functions are shown in Fig. 3 . The shape and the amplitude of the composite path weighting functions for the lower altitudes are considerably different in the revised calculations. The appearance is more oscillatory, and the primary peaks are narrower. Also, the peak altitudes for the The source is Arcturus.
various weighting functions have shifted. This effect is most pronounced at the higher altitudes. The area of the new composite weighting functions (for both sources) is less than thdt of the original NOAA composite weighting functions. This means that the C 2 measurements obtained with the original stellar scintillometer values underestimate the value of C, 2 in the layers probed. The height nominally corresponding to the C, 2 measurement has also shifted. The ratio of the NOAA composite weighting functions to the recalculated weighting functions for each of the seven layers is given in Table 1 . The corrections range from over a factor of 3 to almost no change at all. The NPS isoplanometer determines the isoplanatic angle directly. Loos and Hogge1 7 and Walters1 8 show that measurement of the normalized variance of the intensity fluctuations from a star can be used to obtain the isoplanatic angle to within a constant factor. The normalized variance of intensity fluctu- ations is given by (7) where K is the spatial frequency of the amplitude scintillations, I is the path length over which C 2 is nonzero, S is the average intensity in the aperture, and I(K) is the intensity spectrum of the receiver optics. The similarity to isoplanatic angle, which is given by 1 05/3 = 2.905 2 seC8/3 + dzC 2(z)Z 5/3, (8) is clear. Here 4 is the zenith angle, and 00 is the isoplanatic angle. The idea is to make the weighting function, 
where Ais the proportionality constant. The weighting function used in the NPS isoplanometer uses a double annulus aperture. This gives, for the weighting function, 
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Scintillometer Measurements
The scintillometer measurements were obtained in April and May 1986 at State College, Pennsylvania. The Geophysics Laboratory scintillometer was used for these measurements, and the basic electro-optical system is the same as the NOAA scintillometer. However, the system is reconfigured to fit into a light-tight box with the electronics on the underside of the cover and with the motor drive, cam, filter, and photomultiplier tubes built into the box. All calibration controls and indicators are placed on the outside cover, permitting excellent calibration conditions at field sites. Both the isoplanometer and the stellar scintillometer used the same star as a source. The isoplanatic angle values obtained are based on the derived C 2 scintillometer values. Since the scintillometer measures over a range of only 2 to 18 km (dependent upon the source) from the aperture, appropriate models are used to extend the C 2 information outside the sampled region. This extension is particularly important for the stratosphere because of the Fried 12 has shown that for vertical viewing through the atmosphere, angle 0 is the maximum angle over which an extended object can be viewed without significant wave-front phase distortions that are due to atmospheric turbulence. We may write 21 have shown that the p 2 dropoff rates determined from rawindsonde density data in the stratosphere agree closely with in situ thermosonde-derived Cn 2 drop-off rates and decrease linearly with decreasing latitude. Based on these results a drop-off rate of 1.4 dB/km was selected for the State College, Pennsylvania, site for the modeling of Cn 2 .
The model used to evaluate Ib and Ia is that of Eaton et al. 22 For altitudes below those probed by the scintillometer,
and the model for C, 2 for altitudes above those probed by the scintillometer is given by
where a = 0.1(ln 10)DR, and DR is the drop-off rate for Cn 2 in decibels per kilometer2l' 23 and is taken to be 1.4 dB/km. A wavelength of 0.5 AL is used for calculation of the isoplanatic angle. Contributions at altitudes above 18 km to isoplanatic angle can be shown to be appreciably larger than those below 2 km as this lower contribution averaged over the database is less than 4%.21
Results and Discussion
The refinement of the stellar scintillometer theory to take into account the asymmetry of the response of the photomultiplier tube about the peak wavelength, the spectral function of the source, and the bandpass of the spatial filter substantially improves the agreement between the isoplanatic angles determined from the stellar scintillometer and the isoplanometer measurements. The largest relative percent differences between the corrected scintillometer and the isoplanometer-determined mean isoplanatic angles occur for dates on which the standard deviation of the isoplanometer values is the largest. The effect of taking the spectral effects into account influences the location of the weighting function peaks, and is most pronounced at the larger spatial wavelengths (higher probed altitudes).
The ratio of the original and the recalculated weighting function areas for each altitude is given in Table 1 . The ratios are given for both Arcturus and / Regulus. Application of the corrections produces an appreciable improvement in the agreement between the scintillometer-derived isoplanatic values and those obtained from the isoplanometer. Note that both the scintillometer and isoplanometer use the same stellar sources (Arcturus and Regulus) and therefore probe essentially the same volume of the atmosphere. Figures 4-8 show the isoplanometer data compared with the isoplantic angles calculated from the uncorrected stellar scintillometer C, 2 values. The corrected stellar scintillometer-derived isoplanatic angle values are shown for comparison with the isoplanometer data in Figs. 9-13. The feature that is immediately obvious is that the correction moves the calculated isoplanatic angles into the same dynamic range as the isoplanatic angles obtained from the isoplanometer. This can be seen explicitly by comparing the means of the corrected and uncorrected data with those of the isoplanometer, as is done in Table 2 . The difference in the corrected 2 May 1986 and 3 May 1986 scintillometer-derived mean isoplanatic angles eter values were used.
Corrected scintillom- Table 2 indicates that the scintillometer-derived isoplanatic angle means for 5 May 1986 and 6 May 1986 differ by 7% and 8%, respectively, from the mean isoplanometer values for these dates. This is superior to the values of 22% and 24% difference obtained on the same dates, respectively, for the uncorrected values. Table 3 shows the correlation of the scintillometer isoplanatic angles with those of the isoplanometer. The lowest correlation occurs for 3 May 1986, for which the standard deviation of the isoplanatic angle for the scintillometer-derived values is significantly larger (-300%) than that obtained from the isoplanometer. The origin of this discrepancy is not clear. The mean for both sets on 2 May 1986 is, however, almost the same.
Given the crudity of the model for C 2 outside the range of the probed altitudes and the less than ideal shape of the actual composite weighting functions used in the stellar scintillometer, it is surprising that the agreement on isoplanatic angle for the two instruments is as good as it is. It is recommended that, for the future use of the stellar scintillometer, the composite weighting functions be recalculated to reduce the oscillatory behavior that is present. The scintillometer should be recalibrated with the new weighting functions, and the software associated with the instrument should be rewritten. A further refinement would be to use more than three elementary weighting functions to construct the composite weighting function. This would permit a greater spatial resolution for the layer measurements but require additional refinements in instrument design.
